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Abstract. Range migration has become the major problem 

faced by radar high speed target detection. The existing 

methods primarily focus on range migration elimination 

and coherent integration in the traditional radar system 

with fixed carrier frequency (CF) and pulse repetition 

frequency (PRF), whereas they are not applicable to the 

radar system with joint agility of CF and PRF, which pos-

sesses robust low probability of intercept (LPI) and anti-

jamming performance under complex electromagnetic 

circumstances. In this paper, the high speed target detec-

tion problem for the CF-PRF agile radar system is consid-

ered and a non-searching coherent integration algorithm 

is proposed, where range frequency reversal and correla-

tion transform (RFRCT), azimuth nonuniform fast Fourier 

transform (NUFFT) and range inverse fast Fourier trans-

form (IFFT) are combined to eliminate the effect of range 

migration and radar parameter agility upon coherent inte-

gration. Experimental results have been provided to vali-

date the effectiveness of the proposed method. 
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1. Introduction 

With the rapid development of aerospace technology, 

a growing number of high-speed targets have appeared in 

the field of radar detection [1–3]. Prolonging the observa-

tion time is conducive to improving radar detection capa-

bility for weak targets, whereas the target’s high speed 

motion will cause range migration and disperse the echo 

energy across multiple range cells, which will render the 

traditional moving target detection (MTD) method ineffec-

tive [4–6]. 

In order to compensate the effect of range migration, 

various incoherent and coherent algorithms have been 

proposed in the existing literatures. As typical incoherent 

methods, Hough transform [7–9] and Radon transform 

[10–12] accumulate the target’s energy along the motion 

trajectory. Although straightforward to implement, these 

algorithms discard the signal phase information and are 

vulnerable to noise effect. Compared with incoherent 

methods, the existing coherent integration algorithms ex-

hibit superior energy accumulation performance, such as 

Keystone transform (KT) and Radon Fourier transform 

(RFT). Aiming at eliminating range migration via decou-

pling the range frequency and slow time variables, KT 

rescales the slow time axis and can be fast implemented via 

chirp-z transform [13–18]. However, KT will become 

invalid when Doppler ambiguity occurs. As a modified 

form of Radon transform, Radon Fourier transform (RFT) 

performs the 2-D search for range and velocity to extract 

the target’s motion trajectory, then conducts Doppler filter-

ing to coherently accumulate echo energy [19–21]. What’s 

more, some other coherent integration methods, e.g., axis 

rotation MTD [22], [23] and segmented RFT [24], have 

also been proposed to fulfill high speed target detection. In 

order to reduce parameter search and improve the real-time 

performance, some nonlinear methods have also been pro-

posed, such as sequence reversing transform (SRT) [25] 

and range frequency polynomial phase transform (RFPPT) 

[26]. 

While capable of achieving range migration compen-

sation, the aforementioned algorithms are only applicable 

to traditional radar system with fixed carrier frequency 

(CF) and pulse repetition frequency (PRF). With the devel-

opment of electronic countermeasures technology, radar 

CF or PRF agility has become a common anti-jamming 

strategy, which can reduce the interception and recognition 

probabilities of radar waveform. With respect to signal 

processing in the parameter-agile radar system, several 

algorithms have been presented to realize coherent integra-

tion and high speed target detection. The Radon-

nonuniform fast Fourier transform (NUFFT) method ex-

tracts the target trajectory via Radon transform, then com-

pensates the phase fluctuation caused by CF agility via 

NUFFT [27]. In consideration of PRF agility, the random 

pulse repetition interval (RPRI)-RFT algorithm extends the 
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signal processing framework of RFT to the random PRF 

radar system, thereby enabling range migration compensa-

tion and high speed target detection [28], [29]. Although 

Radon-NUFFT and RPRI-RFT take into account the sce-

nario of radar parameter agility, they both require a 2-D 

parameter search with heavy computational burden. Fur-

thermore, they are unable to accommodate CF-PRF dual 

agility, which achieves better low probability of intercept 

(LPI) and anti-jamming performance than single parameter 

agility, due to the introduction of randomness in both 

carrier frequency and pulse emission timing. For the sake 

of solving this problem, we propose a non-searching high 

speed target detection algorithm for CF-PRF agile radar in 

this paper. The proposed method firstly conducts range 

frequency reversal and correlation transform (RFRCT) to 

remove the phase term with respect to CF agility, then 

adopts azimuth NUFFT and range inverse fast Fourier 

transform (IFFT) to eliminate the effect of range migration 

and PRF agility upon coherent integration. The theoretical 

analysis and experimental results are provided to validate 

the high efficiency and effectiveness of the proposed 

method. 

The rest of this paper is organized as follows. Sec-

tion 2 establishes the signal model. Section 3 introduces the 

proposed method in the single target and multi-target de-

tection environments. In Sec. 4, the computational com-

plexity of the proposed method is analyzed. Section 5 pro-

vides the experimental results and detection performance 

analysis. Lastly, the conclusions are given in Sec. 6. 

2. Signal Model 

The transmitted signal of the CF-PRF agile radar can 

be expressed as 
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where tm and t denote the slow time and fast time variables, 

respectively. m [1,2,…,M] denotes the pulse index, 

rect(), M, Tp and  represent the rectangle window func-

tion, total number of pulses, pulse width and chirp rate, 

respectively. fc,m = fc0 + fc,m denotes the CF of the mth 

pulse, where fc0  is the center CF, fc,m is the CF jitter 

which is randomly distributed within [–BCF/2, BCF/2], BCF is 

the CF agility bandwidth. Similarly, define fr,m = fr0 + fr,m 

as the PRF of the mth pulse, where fr0,  

fr,m  [–BPRF/2, BPRF/2], BPRF denote the center PRF, PRF 

jitter and agility bandwidth, respectively. Then, the slow 

time axis can be obtained by 
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The received signal for the high-speed target can be 

modeled by 
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where  and c denote the target reflectively and light 

speed, respectively. R(tm) = r + vtm is the instantaneous 

slant range from radar to target, r and v denote the initial 

slant range and radial velocity of the target, respectively. 

After performing pulse compression, the compressed 

signal in the range frequency domain can be expressed as 
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where f, A1 and B represent the range frequency variable, 

signal amplitude and bandwidth, respectively. 

In (4), 1 is the range phase term with respect to f, 2 

is the range phase fluctuation due to CF agility, 3 is the 

range migration phase caused by the coupling between f 

and tm, and 4 is the Doppler phase fluctuation due to the 

joint agility of CF and PRF. Clearly, the range migration 

correction and jittered phase compensation are the two 

problems faced by high speed target detection in the CF-

PRF agile radar system. 

3. Proposed Method  

3.1 Coherent Integration for Single Target 

Detection 

Considering the symmetrical property of the range 

frequency axis, we can obtain the reversed frequency vari-

able as below 

 
s s s s s, , ,

2 2 2

f f

f f f f f
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 (5) 

where fs and N represent the sampling rate and the number 

of range sampling points, respectively.  

Substituting (5) into (4), the range compressed signal 

with frequency reversal can be constructed as 
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For the purpose of removing the phase fluctuation 

caused by CF agility, define the frequency shift f and 

perform the correlation processing as below 
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where A2 = A1
2exp(–j4πfr / c) is the signal complex 

amplitude, fd = –2vf / c is the equivalent Doppler shift of 

the high speed target, and  = 1 + 2f / f. 

Comparing (7) with the pulse compressed signal in 

(4), it can be seen that the agile CF has been converted 

from fc,m to a fixed equivalent CF f, which indicates the 

elimination of CF agility, whereas the coupling between f 

and tm still exists which will lead to range migration. Here, 

the azimuth Fourier transform (FT) is conducted to solve 

the problem, which is formulated as 
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where fm and A3 denote the azimuth frequency variable and 

signal amplitude, respectively.  

In (8), it is noted that due to PRF agility, the slow 

time axis of Sc (tm, f) is non-uniformly sampled and the 

azimuth FT cannot be fast implemented via FFT. In order 

to map the non-equidistant slow time grids to the 

equidistant azimuth frequency grids efficiently, NUFFT is 

adopted to resample the slow time axis and realize azimuth 

FT [30–32].  

Let Sc (m, n) and R (m, n) represent the discrete form 

of Sc (tm, f) and R (fm, f), respectively. Then, azimuth 

NUFFT is conducted via the following three steps: 

 
Step 1: Grid interpolation 

  
         c

1

1 ˆ, ,
2

M L
n n n

m m m

m l L

u l n x l S m n   
 

     (9) 

where 
 n

mx  denotes the non-uniform sampling grid 

corresponding to Sc (m, n), 
 n

m  denotes the nearest integer 

to 
 n

mx . and L represent the oversampling factor and 

interpolation length, respectively. 

Step 2: Compute the azimuth FFT of size M 
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Step 3: Obtain the result via azimuth scaling 

  
 
 

,
, ,   / 2, , / 2 1.

U m n
R m n m M M

m
     (11) 

 

It is noted that in (9) and (11),  ̂   and     denote 

the time and frequency forms of Kaiser-Bessel window, 

respectively. After conducting azimuth NUFFT, range 

IFFT can be performed to obtain the final coherent 

integration result, i.e., 
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where A4 denotes the signal amplitude.  

It can be noticed from (12) that after coherent integra-

tion, the target energy can be accumulated as a peak in the 

range-Doppler domain, then the constant false-alarm rate 

(CFAR) detector can be conducted to determine the pres-

ence or absence of a target, i.e.,
1

0

H

T
H

( , )mG f t  , where T 

denotes the adaptive detection threshold. When the test 

statistic is higher than the threshold, the hypothesis H1 is 

used to indicate the presence of a target, otherwise the 

hypothesis H0 is used to indicate the absence of a target. 

3.2 Coherent Integration for Multi-Target 

Detection 

In the above analysis, the scenario of single target de-

tection is considered and the efficient coherent integration 

algorithm which combines RFRCT, azimuth NUFFT and 

range IFFT is proposed. However, multiple targets might 

coexist in practical applications and it is necessary to con-

sider the coherent integration for multi-target detection. 

Suppose that the number of targets is K, the range com-

pressed signal in (4) can be reformulated as 
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where A1,i, ri and vi represent the signal amplitude, initial 

slant range and radial velocity of the ith target, respectively. 

Performing RFRCT upon S(tm, f), we obtain 

 c c,self c,cross( , ) ( , ) ( , ).m m mS t f S t f S t f   (14) 

In (14), Sc, self(tm, f) and Sc, cross(tm, f) represent the self 

terms and cross terms, respectively, i.e., 
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where  2, 1, 1, exp j4 /ij i j jA A A fr c   . 

From (14) to (16), it can be seen that the fluctuating 

phase due to CF agility for each self term has been elimi-

nated, thus each target can be well focused via the subse-

quent azimuth NUFFT and range IFFT operations. As for 

the cross terms, due to the situation that ri  rj or vi  vj for 

different targets, the phase term with respect to fc,m still 

exists after conducting RFRCT, and the signal structure is 

mismatched with the azimuth FT operator defined in (8), 

hence the energy of cross terms will be suppressed for the 

final output in the range-Doppler domain.  

The flowchart of the proposed method is shown in 

Fig. 1. 

4. Computational Complexity Analysis 

In what follows, the computational complexity of the 

proposed method is analyzed and compared with Radon-

NUFFT, RPRI-RFT, SRT and RFPPT, in terms of the 

number of complex multiplications. Denote that M and N 

represent the number of echo pulses and range cells, re-

spectively. 

For the proposed method, the RFRCT operation needs 

a 2-D complex multiplication with the computational cost 

of O(MN). Subsequently, the azimuth NUFFT is conducted 

via signal interpolation, FFT and scaling, with the compu-

tational cost of O(2LMN), O(MN / 2  log2M), and 

O(MN), respectively. Lastly, range IFFT is performed with 

computational cost of O(MN / 2  log2N). Hence, the total 

computational complexity of the proposed algorithm is 

O(MN(2 + 2L +  / 2  log2M + 1/2  log2N)). 

Denote the number of search range and search 

velocity as Nr and Nv, respectively. For Radon-NUFFT, the 

phase compensation with respective to range-agile fre-

quency is conducted with the computational cost of 

O(MN). Then, the 2-D joint search for the target’s initial 

slant range and radial velocity is performed. In each search, 

the phase compensation for Doppler frequency ambiguity 

is needed, then NUFFT is utilized to realize coherent inte-

gration, where the computational complexities are O(M) and 

 

Fig. 1. Flowchart of the proposed method. 

 

Fig. 2. Computational complexity curves of different methods. 

O(M(2L + /2 log2M + 1)), respectively. Hence, the total 

computational complexity of Radon-NUFFT is 

O[MN + NrNvM (2 + 2L +  / 2  log2 M)]. As for RPRI-

RFT, the 2-D joint search is also needed with the computa-

tional cost of O(MNrNv). 

As for SRT and RFPPT, the 2-D matrix multiplica-

tion, range IFFT, and azimuth FFT operations are both 

needed, with the computational cost of O(MN), 

O(MN / 2  log2N) and O(MN / 2  log2M), respectively. 

Thus, the total computational cost of SRT and RFPPT are 

both O(MN(1 + 1/2  log2N + 1/2  log2M )). 
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The oversampling factor and interpolation length in 

NUFFT are set as their typical values. i.e.,  = 2 and L = 3, 

respectively [31]. Under the assumption that 

M = N = Nr = Nv, Figure 2 shows the computational com-

plexity curves versus pulse number of the proposed meth-

od, Radon-NUFFT, RPRI-RFT, SRT and RFPPT. It can be 

seen that the computational cost of the proposed method is 

slightly higher than SRT and RFPPT, and is significantly 

lower than Radon-NUFFT and RPRI-RFT thanks to the 

non-searching mechanism. 

5. Experimental Results 

5.1 Single Target Detection 

In this section, the coherent integration and detection 

performance of the proposed method is evaluated via 

several experimental results. Table 1 lists the radar system 
 

Parameter Value 

Center CF 6 GHz 

Center PRF 2000 Hz 

Signal bandwidth 10 MHz 

Sampling frequency 12 MHz 

Pulse width 50 s 

Integration time 0.5 s 

Tab. 1. Radar system parameters. 

 
(a)                                                            (b) 

 
(c)                                                             (d) 

 
(e)                                                             (f) 

Fig. 3. Experimental results for single target detection with 

constant CF and constant PRF. (a) Target’s motion tra-

jectory after pulse compression. (b) Processed result of 

the proposed method. (c) Processed result of Radon-

NUFFT. (d) Processed result of RPRI-RFT. (e) Pro-

cessed result of SRT. (f) Processed result of RFPPT. 

parameters. The initial slant range and radial velocity of the 

target are set as 20 km and 500 m/s, respectively. Consider-

ing the additive white Gaussian noise background with the 

signal-to-noise ratio (SNR) set as –8 dB 

5.1.1 Single Target Detection with Constant CF and 

Constant PRF 

In the scenario of single target detection with constant 

CF and constant PRF, Figure 3(a) depicts the target’s mo-

tion trajectory after pulse compression, where severe range 

migration caused by the target’s high speed movement can 

be observed. Figures 3(b)–(f) draw the processed results of 

the proposed method, Radon-NUFFT, RPRI-RFT, SRT 

and RFPPT, respectively. It can be seen that all the algo-

rithms can overcome the effect of range migration and 

accumulate the target’s energy. 

5.1.2 Single Target Detection with Agile CF and 

Constant PRF 

In the scenario of single target detection with agile CF 

and constant PRF, where the CF agility bandwidth is set as 

  
(a)                                                            (b) 

  
(c)                                                            (d) 

  
(e)                                                            (f) 

 
(g) 

Fig. 4. Experimental results for single target detection with 

agile CF and constant PRF. (a) Agile CF sequence. 

(b) Target’s motion trajectory after pulse compression. 

(c) Processed result of the proposed method. 

(d) Processed result of Radon-NUFFT. (e) Processed 

result of RPRI-RFT. (f) Processed result of SRT. 

(g) Processed result of RFPPT. 
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20 MHz. Figure 4(a) shows the agile CF sequences versus 

pulse number. Figure 4(b) depicts the target’s motion tra-

jectory after pulse compression. Figures 4(c)–(g) draw the 

processed results of the proposed method, Radon-NUFFT, 

RPRI-RFT, SRT and RFPPT, respectively. It can be ob-

served that both the proposed method and Radon-NUFFT 

exhibit robustness to CF agility, while other algorithms 

suffer from significant performance degradation. 

5.1.3 Single Target Detection with Constant CF and 

Agile PRF 

In the scenario of single target detection with constant 

CF and agile PRF, where the PRF agility bandwidth is set 

as 200 Hz. Figure 5(a) shows the agile CF sequences ver-

sus pulse number. Figure 5(b) depicts the target’s motion 

trajectory after pulse compression. Figures 5(c)–(g) draw 

the processed results of the proposed method, Radon-

NUFFT, RPRI-RFT, SRT and RFPPT, respectively. Evi-

dently, both the proposed method and RPRI-RFT are ro-

bust against PRF agility, in contrast to other algorithms that 

experience performance deterioration.  

    
(a)                                                            (b) 

  
(c)                                                            (d) 

  
(e)                                                            (f) 

 
(g) 

Fig. 5. Experimental results for single target detection with 

constant CF and agile PRF. (a) Agile PRF sequence. 

(b) Target’s motion trajectory after pulse compression. 

(c) Processed result of the proposed method. (d) Pro-

cessed result of Radon-NUFFT. (e) Processed result of 

RPRI-RFT. (f) Processed result of SRT. (g) Processed 

result of RFPPT. 

5.1.4 Single Target Detection with Agile CF and 

Agile PRF 

In the scenario of single target detection with agile CF 

and agile PRF, where the CF agility bandwidth and PRF 

agility bandwidth are set as 20 MHz and 200 Hz, respec-

tively. Figures 6(a) and (b) show the agile CF and PRF 

sequences versus pulse number, respectively. Figure 6(c) 

depicts the target’s motion trajectory after pulse compres-

sion. Figures 6(d)–(h) draw the processed results of the 

proposed method, Radon-NUFFT, RPRI-RFT, SRT and 

RFPPT, respectively. It can be noticed that under the cir-

cumstance of CF-PRF dual agility, the proposed method 

can still accumulate the target’s echo energy thanks to the 

adoption of RFRCT and azimuth NUFFT, while other 

algorithm exhibit poor accumulation performance. 

  
(a)                                                            (b) 

  
(c)                                                            (d) 

  
(e)                                                            (f) 

  
(g)                                                            (h) 

Fig. 6. Experimental results for single target detection with 

agile CF and agile PRF. (a) Agile CF sequence. 

(b) Agile PRF sequence. (c) Target’s motion trajectory 

after pulse compression. (d) Processed result of the 

proposed method. (e) Processed result of Radon-

NUFFT. (f) Processed result of RPRI-RFT. (g) Pro-

cessed result of SRT. (h) Processed result of RFPPT. 
 

Parameter Target 1 Target 2 

Initial slant range 20 km 20.2 km 

Radial velocity 500 m/s –500 m/s 

Tab. 2.  Target parameters. 
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5.2 Multi-Target Detection with Agile CF and 

Agile PRF 

In order to evaluate the detection performance of the 

proposed method in the multi-target environment, the 

mixed echo of two high speed targets is generated and 

processed. The radar system parameters are listed in 

Tab. 1. The CF agility bandwidth and PRF agility band-

width are set as 20 MHz and 200 Hz, respectively. The 

initial slant ranges and radial velocities of target 1 and 2 

are listed in Tab. 2. Figure 7(a) depicts the motion trajecto-

ries of the two targets after pulse compression. Fig-

ures 7(b)–(f) draw the processed results of the proposed 

method, Radon-NUFFT, RPRI-RFT, SRT and RFPPT, 

respectively. Obviously, the proposed algorithm is capable 

of suppressing cross terms and accumulating the self term 

of each target, while other methods fail to detect any target. 

5.3 Detection Performance Analysis 

In what follows, the detection performance of the 

proposed method is analyzed and compared with Radon-

NUFFT, RPRI-RFT, SRT, RFPPT and MTD, where the 

methods are applied under the conditions for which they 

were originally intended. Setting the false alarm probability 

of CFAR detector as 10-6, Figure 8 depicts the detection 

probability curves of different methods, where 500 Monte 

Carlo experiments are conducted for each SNR stage from 

   
(a)                                                            (b) 

 
(c)                                                            (d) 

 
(e)                                                            (f) 

Fig. 7. Experimental results for multi-target detection with 

agile CF and agile PRF. (a) Motion trajectories of the 

two targets after pulse compression. (b) Processed re-

sult of the proposed method. (c) Processed result of 

Radon-NUFFT. (d) Processed result of RPRI-RFT. 

(e) Processed result of SRT. (f) Processed result of 

RFPPT. 

 

Fig. 8. Detection probability comparison among different 

methods for high speed target detection. 

–15 dB to 0 dB. It can be noticed that the detection perfor-

mance of the proposed algorithm follows that of Radon-

NUFFT, RPRI-RFT, SRT and RFPPT. As for MTD, the 

range migration of the target echo cannot be eliminated, 

which deteriorates the detection performance. 

6. Conclusions 

In this paper, we propose a non-searching high speed 

target detection method for the CF-PRF agile radar system, 

where RFRCT, azimuth NUFFT and range IFFT are com-

bined to compensate range migration and fluctuating phase 

terms with high efficiency. Compared with Radon-NUFFT 

and RPRI-RFT which only consider single parameter agili-

ty, the proposed algorithm further considers CF-PRF dual 

agility, thereby achieving superior LPI and anti-jamming 

performance. Furthermore, a lower computational cost is 

obtained due to the avoidance of 2-D parameter search. 

Experimental results have been provided to validate the 

effectiveness of the proposed algorithm in the environ-

ments of both single target and multi-target detection. 
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